During lactation, the levels of neuropeptide Y (NPY), which plays an important role in mediating food intake, are significantly elevated in a number of hypothalamic areas, including the arcuate nucleus (ARH). To identify additional hypothalamic systems that might be important in mediating the increase in food intake and alterations in energy homeostasis during lactation, the present studies examined the expression of agouti-related protein (AGRP), a recently described homologue of the skin agouti protein. AGRP is found in the hypothalamus and has been suggested to play an important role in the regulation of food intake. In the first experiment, animals were studied during diestrus of the estrous cycle, a stage of the cycle when estrogen levels are basal and similar to lactation, or during days 12-13 postpartum. Lactating animals had their litters adjusted to eight pups on day 2 postpartum. Brain tissue sections were used to measure AGRP messenger RNA (mRNA) levels by in situ hybridization. AGRP mRNA signal was found mostly in the ventromedial portion of the ARH, which has been shown to contain a high density of NPY neurons. A significant increase in AGRP mRNA content was observed in the mid-to caudal portion of the ARH of lactating animals compared with diestrous females. No difference was found in the rostral portion of the ARH. In the second experiment, double-label in situ hybridization for AGRP and NPY was performed in lactating animals to determine the extent of colocalization of the two peptides in the ARH, using 35 S-labeled and digoxigenin-labeled antisense complementary RNA probes. It was found that almost all of the NPYpositive neurons throughout the ARH also expressed AGRP mRNA signal. Furthermore, AGRP expression was confined almost exclusively to NPY-positive neurons. Thus, the present study showed that during lactation, AGRP gene expression was significantly elevated in a subset of the AGRP neurons in the ARH. The high degree of colocalization of AGRP and NPY, coupled with previous reports from our laboratory demonstrating increased NPY expression in the ARH in response to suckling, suggests that AGRP and NPY are coordinately regulated and may be involved in the increase in food intake during lactation. (Endocrinology 140: [2645][2646][2647][2648][2649][2650] 1999) D URING LACTATION, there is increased energy demand due to milk production, exceeding the wholebody nutrient requirements of nonlactating animals. In addition, there are hypertrophy and increased synthetic activity of the gastrointestinal tract and liver (1). The energy demands of lactation are met primarily by increased food intake, which rises several folds over the amount observed in nonlactating animals (2-4). The mechanism that drives hyperphagia during lactation is still not completely understood. It has been suggested that the mechanism may reside in the hypothalamus because of its important role in the regulation of food intake and energy homeostasis. Furthermore, the levels of neuropeptide Y (NPY), which plays an important role in mediating food intake, are significantly elevated in a number of hypothalamic areas in lactating animals (4 -6); this is further confirmed by an increase in NPY messenger RNA (mRNA) levels in the hypothalamus (7, 8) .
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Recently, agouti-related protein (AGRP), a 132-amino acid protein, was cloned from mouse as well as human (9, 10) . Its carboxyl terminus shares a high degree of homology to the skin agouti protein (9, 10) . Pharmacological studies have shown that it is a potent antagonist of melanocortin receptor-3 and -4 (MC3-R and MC4-R) (10, 11) . Transgenic animal studies (10, 12) showed that mice overexpressing the protein exhibit an obese phenotype that mimics that of mutant A y mice (13) and MC4-R knockout mice (14) . In addition, the expression of AGRP mRNA is significantly elevated in ob/ob obese mutant mice compared with nonmutant lean mice (9) . These results suggest that AGRP may play an important role in regulating food intake and energy homeostasis. The distribution of the mRNA encoding for AGRP has been examined in mouse brain (9) and was found to be restricted to the ventromedial portion of the ARH, an area known to contain abundant NPY neurons (15) . Furthermore, the mRNA signals for AGRP and NPY were increased in response to fasting and found to be expressed in the same neurons (16) . The potential importance of AGRP in food intake and energy balance raises the possibility that AGRP may be another important system in the hypothalamus involved in mediating the hyperphagia and energy adaptation during lactation. Thus, in the present study, the expression of AGRP in the ARH was examined by in situ hybridization to determine whether lactation induces changes in AGRP gene expression. In addition, double-label in situ hybridization was performed to determine whether NPY and AGRP are colocalized in the same neurons in the ARH.
Materials and Methods Animals
Cycling (n ϭ 9) and day 18 -19 pregnant (n ϭ 9) Sprague Dawley rats (B & K Universal, Inc., Kent, WA) were housed individually and maintained under a 12-h light, 12-h dark cycle (lights on at 0700 h) and constant temperature (23 Ϯ 2 C). Food and water were provided ad libitum. The pregnant rats were checked for the birth of the pups every morning; the day of delivery was considered as day 0 postpartum. Litters were adjusted to 8 pups on day 2 postpartum. Stage of the estrous cycle for the cycling rats was determined by vaginal smears. The animals were killed by decapitation on day 12-13 postpartum for lactating animals and on diestrus for the cycling animals. Diestrus was used as a basis for comparison because it is characterized by low basal levels of estrogen, similar to those observed during lactation. The brains were quickly removed, frozen on dry ice, and sectioned with a cryostat microtome. One in three series of 20 m coronal brain sections were collected through the forebrains. The fresh frozen sections were stored at Ϫ80 C until used for in situ hybridization. All of the animal procedures were approved by the Oregon Regional Primate Research Center Institutional Animal Care and Use Committee.
In situ hybridization of AGRP
Probe synthesis, the specificity of the complementary RNA (cRNA) probes, and procedures for in situ hybridization have been described previously (17) . Briefly, the sense and antisense human AGRP cRNA probes (see reference 9 for description of the probe) were transcribed from a 400-bp cDNA in which 30% of the UTP was 35 S-labeled (NEN Life Science, Boston, MA). The saturating concentration of the probe used in the assay was 0.45 g/ml⅐kb and the specific activity was 6 -7 ϫ 10 8 dpm/g. Two sets of rostral-caudal series of tissue sections from a lactating animal were used for the comparison of sense and antisense probes. The fresh frozen brain sections were fixed in 4% paraformaldehyde and treated with a fresh solution containing 0.25% acetic anhydride in 0.1 m triethanolamine (pH 8.0), followed by a rinse in 2ϫ SSC, dehydrated through a graded series of alcohols, delipidated in chloroform, rehydrated through a second series of alcohols, and then air dried. Sense or antisense probe (100 l) was applied to each slide. Slides were coverslipped and incubated in moist chambers at 55 C for 15 h. After incubation, the slides were washed in SSC that increased in stringency, in RNase A, and then in 0.1ϫ SSC at 60 C and rehydrated through graded series of 6% ammonium acetate-alcohols. Slides were exposed to autoradiography films (Hyperfilm-␤max, Amersham, Arlington Heights, IL) for 6 days at 4 C and developed. The sections were counterstained with cresyl violet and coverslipped with histomount.
Double-label in situ hybridization for NPY and AGRP
Tissue sections from two lactating and two diestrous rats were used in this study. The AGRP cRNA probe was prepared as described above. NPY cRNA probe was transcribed from a 511-bp rat cDNA (see Ref. 18 for a description of the probe) in which digoxigenin-UTP (Boehringer Mannheim, Indianapolis, IN) was used. The concentration of digoxigenin-labeled NPY cRNA in the hybridization mixture was 0.1 g/ml. The slides were exposed to the mixture of 35 S-hAGRP and digoxigenin-NPY cRNA probes in moist chambers for 15 h at 55 C. After incubation and posthybridization washes, slides were incubated in alkaline phosphatase (AP) conjugated goat antidigoxigenin antibody (1:1000, Boehringer Mannheim) at 4 C overnight. The AP-complexes were visualized with a mixture of nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-inodyl phosphate toluidinum. Slides were then dipped in 3% parlodion followed by NTB-2 emulsion (Eastman Kodak Co., Rochester, NY), exposed for 14 days at 4 C and developed.
Data analysis
AGRP mRNA in the ARH. The ARH was divided from rostral to caudal into four subdivisions as described in a previous study (7) , using the rat brain atlas of Paxinos and Watson (19 22) . The coronal brain sections were anatomically matched across animals from all groups. The AGRP mRNA signal in the ARH was analyzed on the ␤-max film using the VIDEK HARMONY image analysis system by VIDEK (Rochester, NY). An individual brain section image was captured by a CCD camera (Cohu) and displayed on a computer monitor. A marked area (1.0 mm ϫ 1.6 mm) was drawn to include the entire ARH. The marked area was constant for all the sections analyzed. The optical density of AGRP mRNA signal in the marked area was then determined after background subtraction.
AGRP and NPY double-labeled neurons. NPY-positive neurons were visualized under bright field as dark blue deposits in the cytoplasm, whereas AGRP-positive neurons in the same area were identified under dark field as clusters of silver grains. An NPY neuron was considered to be double-labeled with AGRP if the number of silver grains on top of the cell body was greater than three times the background level (20) .
Statistical analysis
The optical density value of AGRP mRNA signal in the ARH was expressed as arbitrary units per section. The mean value from each subdivision of the ARH was determined for each animal. Data are presented as mean Ϯ sem. Differences between groups within each subdivision of the ARH were evaluated using Student's t test. Differences were considered significant if P Ͻ 0.05.
Results

Validation of antisense cRNA probe
The AGRP mRNA signal was mostly restricted to the ARH in the brain sections that were hybridized with the antisense cRNA probe (Fig. 1) . No specific signal was observed in the corresponding sections that were hybridized with the sense probe. Nonspecific signal in the hippocampal area was observed in both sense and antisense cRNA probe hybridized sections (Fig. 1) .
The expression of AGRP in the ARH of diestrous and lactating rats
Film autoradiographs of the ARH-C area from one representative diestrous animal and one lactating animal are shown in Fig. 2 . A comparison of AGRP mRNA content between diestrous and lactating animals in each of the four subdivisions of the ARH revealed a significant increase (P Ͻ 0.01) in the mRNA content in the ARH-B, -C, and -D areas in the lactating animals compared with the same areas in the diestrous females (Fig. 3) . No difference between diestrous and lactating animals was found in the ARH-A area (Fig. 3) .
AGRP and NPY double labeling in the ARH
NPY mRNA containing neurons were identified under bright field as dark blue deposits in the cytoplasm. NPYpositive neurons were found throughout the brain, including the cortex, hippocampus, striatum, and the hypothalamus. Within the hypothalamus, a group of NPY-positive cells were found in the dorsomedial nucleus (DMH) only in the lactating animals, which has been reported in several previous studies (7, 16) . In the ARH, the NPY-labeled cells were found throughout the ARH with higher density found in the caudal portion of the ARH. In the caudal ARH, the labeled cells were found clustered in the ventromedial portion of the ARH with some cells extending into the dorsomedial and ventrolateral portions (Fig. 4a) . When the AGRP mRNA signal, which is represented by silver grain clusters, was viewed under dark field in the same area, it was observed that AGRP mRNA positive signals showed an identical pattern as that of the NPY-positive neurons (Fig. 4b) . When both of the signals were examined at higher magnification, the majority of the NPY-positive neurons were labeled with AGRP mRNA signal (Fig. 4c) . Figure 5 summarizes the distribution of the double-labeled cells found in both the rostral and caudal portions of the ARH. In essence, almost all of the NPY and AGRP expression is colocalized in the same neurons in the ARH. No AGRP mRNA signal or NPY/AGRP coexpression was observed in the DMH area (data not shown).
Discussion
The present study demonstrated that AGRP mRNA levels in the ARH were significantly altered during lactation. When the whole ARH was divided into four subdivisions, from rostral to caudal, it was found that AGRP mRNA levels were significantly elevated in the middle to caudal portions of the ARH, whereas the mRNA levels remained unchanged in the rostral portion of the ARH. This result indicates a possible differential regulation of AGRP-positive neurons in the ARH during lactation. Previous studies demonstrated that AGRP 
FIG. 3.
Comparison of AGRP mRNA levels between diestrous and lactating rats in different regions of the ARH. AGRP mRNA levels were significantly increased in ARH-B, -C, and -D areas in the lactating animals compared with the same areas in the diestrous rats. There was no difference in the ARH-A area between the two groups. *, P Ͻ 0.01 vs. corresponding area in the diestrous animals.
mRNA is elevated in pathological obese conditions, such as the ob/ob mouse (9), and during fasting (16) . The present study further demonstrates that AGRP expression is regulated during normal physiological states when energy homeostasis is altered, such as lactation.
Based on the results from double-label in situ hybridization, almost all NPY and AGRP expression appears to be colocalized to the same neurons in the ARH, results that are in agreement with those of Hahn et al. (16) . However, because of the small number of animals used in the present studies, it cannot be ruled out that AGRP also may be expressed in other cell types in the ARH during lactation. The colocalization of NPY and AGRP was only observed in the ARH, as the NPY neurons in the rest of the brain areas did not express AGRP mRNA, including the suckling-activated NPY neurons in the DMH. The pattern of differential expression of AGRP mRNA in the ARH observed in the lactating animals in the present study, that is, increased expression only in the middle and caudal portions, is similar to that of NPY in the ARH during lactation (7, 17) . We and others have reported that NPY mRNA is increased only in the caudal portion of the ARH during lactation (7, 8) . Compared with the pattern of increased NPY expression, AGRP expression is increased in a greater portion of the ARH (ARH-B, -C, and -D) than NPY (ARH-C). It has been suggested that the increase in expression of NPY is mediated by the neural signals activated by the suckling stimulus (17) and is not dependent on the suckling-induced hyperprolactinemia (21) . The colocalization of NPY and AGRP and the somewhat similar pattern of activation between the two peptides suggest that the increased expression of AGRP observed in the present study also may be mediated by the suckling stimulus. More studies are needed to resolve this issue. In addition, it also remains to be determined whether the increased expression of AGRP and NPY in the same neurons is mediated by the same cellular mechanisms.
The importance of AGRP in the regulation of food intake during physiological and pathological conditions is still under intensive investigation. Ubiquitous expression of the AGRP gene in transgenic mice results in an obesity syndrome (10, 12) . Intracerebroventricular injection of the C-terminal fragment of AGRP causes an increase in food intake and antagonizes the inhibitory effect of ␣-MSH on feeding (22) . The detailed mechanism by which AGRP may regulate feeding also remains to be elucidated. It has been shown that AGRP exerts its function by binding to two of the receptors (MC3-R and MC4-R) for the POMC peptides (POMC) and preventing their activation by POMC peptides (10, 11, 22) . Thus, AGRP may represent an endogenous system in the hypothalamus that mediates food intake and energy homeostasis by antagonizing the binding of POMC peptides to the MC-Rs.
Recently, the distribution of AGRP-positive fibers in the brain was studied in the rat and monkey (23) . AGRP fibers were observed mainly in the hypothalamus, including the medial preoptic area, the paraventricular nucleus, the DMH and the ARH. The distribution of fibers was very similar to that of ARH NPY neurons (unpublished observation), which further indicates that the two ARH peptide systems are colocalized and have the same target areas. Thus, the elevated expression of AGRP during lactation may result in increased release into these target areas, which could antagonize the MC-Rs and positively modulate the increase in food intake during lactation. In support of this notion, anatomical mapping has shown that MC4-R mRNA, the receptor that is important in mediating the ability of POMC peptides to inhibit food intake, was expressed in some of the AGRPprojecting areas, such as the medial preoptic area and the paraventricular nucleus (24) . Interestingly, POMC gene expression in the ARH, the major resource of POMC peptides that interact with the MC-Rs to modulate food intake and energy homeostasis, is also reduced during lactation (7, 25) . The suppression of POMC expression, together with the increase in AGRP expression, would ensure that activation of MC-Rs is prevented during lactation, which would allow the lactating female rat to escape from the inhibitory effect of MC-Rs on feeding. Thus, the POMC and NPY/AGRP neurons may function coordinately in the control of energy homeostasis. Furthermore, ARH NPY neurons may modulate ARH POMC neuronal activity (26 -29) , an effect that may be mediated by the NPY Y1 receptor (30) . The colocalization of NPY and AGRP and the elevation of AGRP expression in the present study suggest that AGRP may also modulate ARH POMC activity during lactation. The expression of MC3-R in the ARH indirectly supports this notion (31) . However, more studies are needed to determine whether POMC neurons in the ARH express the MC3-R.
The colocalization of AGRP and NPY in the ARH raises an interesting issue. The importance of the NPY system in the hypothalamus has been challenged by the NPY knockout mouse study (32) . Apparently, the mouse without NPY is still fertile, can maintain normal body weight and food intake, and metabolic parameters appear to be normal (32, 33) . The only defect observed was that the mouse was more susceptible to neuronal damage by seizure (32, 34) , which is related to the lack of NPY in the hippocampus. The coexpression of AGRP and NPY in the same neurons in the ARH suggests that the neurons would still be able to respond to incoming signals to release AGRP into the target areas, even when NPY is absent. The released AGRP could then act on common downstream pathways for both NPY and AGRP to modulate downstream neuronal activity, thus explaining why removal of NPY has a less serious effect on regulation of food intake than originally hypothesized.
In conclusion, the present study demonstrated that during lactation, the expression of AGRP mRNA in the ARH is differentially altered, with only mid-to caudal portions of the AGRP-positive neurons showing increased mRNA expression. Almost complete colocalization of NPY and AGRP was observed throughout the ARH, suggesting that the two systems are regulated in parallel. A high degree of coordination between the NPY and the POMC systems in the hypothalamus may be involved in the increase in food intake during lactation.
